In eukaryotes, microtubules are essential for cellular plasticity and dynamics. Here we show that P300/CBP-associated factor (PCAF), a kinetochore-associated acetyltransferase, acts as a negative modulator of microtubule stability through acetylation of EB1, a protein that controls the plus ends of microtubules. PCAF acetylates EB1 on K220 and disrupts the stability of a hydrophobic cavity on the dimerized EB1 C terminus, which was previously reported to interact with plus-end tracking proteins (TIPs) containing the SxIP motif. As determined with an EB1 acetyl-K220-specific antibody, K220 acetylation is dramatically increased in mitosis and localized to the spindle microtubule plus ends. Surprisingly, persistent acetylation of EB1 delays metaphase alignment, resulting in impaired checkpoint silencing. Consequently, suppression of Mad2 overrides mitotic arrest induced by persistent EB1 acetylation. Thus, our findings identify dynamic acetylation of EB1 as a molecular mechanism to orchestrate accurate kinetochore-microtubule interactions in mitosis. These results establish a previously uncharacterized regulatory mechanism governing localization of microtubule plus-end tracking proteins and thereby the plasticity and dynamics of cells.
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intra-molecular interaction | acetylation reporter | syntelin | TIP150 | attachment error A ccurate chromosome segregation requires formation of a bipolar spindle and chromosome movement along the spindle. Microtubules are fibrous polymers that are involved in cellular plasticity and mitosis. Chromosomes capture spindle microtubules through a search-and-capture mechanism by kinetochores, supramolecular complexes assembled at each centromere (1) (2) (3) . During cell division, microtubule attachment to kinetochores and plusend growth are necessary for chromosome stability (1) (2) (3) . The molecular mechanisms underlying the regulation of kinetochore attachment to microtubule plus ends during mitosis, however, remain unclear.
During mitosis, end-binding protein 1 (EB1) localizes to kinetochores in a microtubule-dependent manner (4, 5) and regulates interactions of microtubule plus-end tracking proteins (TIPs) at growing microtubule ends. This is accomplished by its tracking of microtubule tips independent of binding partners, most likely through recognizing structural determinants of growing microtubule ends by its N-terminal half (6) . The coiled-coil domain mediates homodimerization and is followed by formation of a four-helix bundle (EB1 homology domain), which is necessary for tethering to EB1 of cargo proteins, including APC, CLASPs, MCAK, and TIP150 (7) (8) (9) (10) . EB1 preferentially associates with the lattice seams of microtubules by acting as a "molecular zipper" (11, 12) . The yeast EB1 homolog, Mal3p, tracks the microtubule plus ends and localizes kinesin, Tea1p, and the CLIP-170 protein, Tip1p, to growing ends (13) . Although crystal structures have revealed the molecular determinants responsible for EB1 binding to its cargos (14, 15) , the regulatory mechanisms underlying the EB1-cargo interactions have remained elusive.
Mitosis is orchestrated by signaling cascades that govern mitotic processes and ensure accurate chromosome segregation. In mitosis, kinases coordinate chromosome segregation by phosphorylating kinetochore and spindle proteins (1, 2) . During chromosome segregation in mitosis, phosphorylation cascades may cross-talk with other posttranslational modifications, such as acetylation. For proteins, lysine acetylation is a reversible, posttranslational modification that regulates protein-protein interactions (16, 17) . Acetylation of tubulin is implicated in regulation of microtubule stability and function. Acetylated tubulin is most abundant in stable microtubules but is absent from dynamic structures, such as the kinetochores of mitotic cells and the leading edges of motile fibroblasts. It has been shown that acetylation stabilizes kinetochore kinase BubR1 from Cdc20-mediated degradation (18) . However, the precise regulatory mechanisms underlying kinetochore protein acetylation and mitotic spindle microtubule dynamics have remained elusive.
We identified a microtubule plus-end tracking protein, TIP150, and demonstrated its interaction with EB1 in loading of MCAK to the plus ends (9) . Here we show that the highly conserved Cterminal K220 of EB1 is a substrate of P300/CBP-associated factor (PCAF). The acetylation site regulates EB1 binding to TIP150 and various microtubule plus-end tracking proteins (TIPs). In cells, interaction of EB1 with TIPs is modulated by acetylation of K220, orchestrating TIP dynamics and affecting cellular plasticity.
Results

EB1
Is a Cognate Substrate of PCAF in Vitro and in Vivo. We recently established that an EB1-TIP150 interaction coordinates chromosome movements in mitosis (9) . During characterization of this interaction in regulating microtubule dynamics, we noted that lysine acetylation occurs in the highly conserved C terminus of EB1 (Fig. 1A) , which controls TIP150 binding (16) . To identify the upstream enzyme responsible for EB1 acetylation, a pulldown assay was performed. In this assay, a GST-EB1 protein was used as an affinity matrix to isolate enzyme(s) acetylating EB1. To this end, HEK293T cells were transiently transfected to express FLAG-tagged TIP60 (60 kDa Tat-interactive protein), PCAF, and HDAC6, and cell lysates were prepared (19) . GST-EB1 pull-down assays of the lysates demonstrated an interaction between EB1 and PCAF, as judged by analysis of anti-FLAG Western blots (Fig. 1B, lane 8) . To map the EB1-binding domain(s), Author contributions: P.X., Z.W., X.D., Y.S., and X.Y. designed research; P.X., Z.W., X.L., B.W., J.W., and L.Z. performed research; B.W., T.W., and G.G. contributed new reagents/ analytic tools; P.X., Z W., X.L., L.Z., X.D., Y.S., and X.Y. analyzed data; and P.X., X.D., Y.S., and X.Y. wrote the paper. deletion mutants of PCAF were generated and expressed as GST-fusion proteins in bacteria (Fig. 1C) . The resulting GST-PCAF proteins were used as affinity matrices to isolate histidinetagged EB1 (H6-EB1). Anti-EB1 blotting showed that EB1 interacts with the C-terminal half of PCAF (Fig. 1D, lane 3, Top) .
Next, we sought to determine whether PCAF acetylates EB1 in vitro. Western blots for anti-pan-acetyllysine established that EB1 is a substrate of PCAF (Fig. 1E) , and K220 was identified as a responsible site by use of an acetyl-K220-specific antibody (acK220; Fig. 1F ). Importantly, PCAF acetylated wild-type EB1, but not EB1 K220R or EB1 K220Q (Fig. 1G ). In addition, acetylation did not occur in the absence of acetyl CoA (Ac-CoA), confirming that EB1 K220 is a substrate of PCAF. If K220 is an endogenous substrate of PCAF, suppression of PCAF should minimize acetylation of K220. Indeed, knockdown of PCAF by siRNA resulted in a reduction of acK220 (Fig. 1H, TIPs. Computational analyses revealed that K220, which is highly conserved among EB1 isoforms, resides in the hydrophobic cavity responsible for TIP binding (9) (Fig. 2A) . To determine whether acK220 regulates intermolecular dimerization, GST-EB1 and GST-EB1 K220Q proteins were generated and used as affinity matrices to isolate GFP-EB1 and GFP-EB3 from lysates of HEK293T cells. GST-EB1 and GST-EB1 K220Q proteins absorbed GFP-EB1 and GFP-EB3 from these lysates (Fig. 2B) , indicating that K220 is not required for EB1 dimerization. Next, we determined whether acK220 modulates the binding of EB1 to the cargo proteins, APC, CLASPs, MACF, and TIP150 (Fig. 2C ). To establish whether K220 mediates EB1-cargo protein interactions, HEK293T cells were transiently transfected to express GFP-tagged full-length TIP150, TIP150 C-terminal (TIP150-d), and MCAK proteins. Lysates of these cells were used for binding to GST-EB1 and GST-EB1 K220Q . TIP150 and MCAK bound to EB1 (Fig. 2D , lanes 10-12) but failed to interact with GST-EB1 K220Q (lanes [14] [15] [16] , suggesting that acetylation of K220 negatively regulates EB1 binding with the SxIP motif. To validate this concept, we expressed a collection of TIP fragments containing the SxIP motif as H6-tagged proteins in bacteria and applied them to the affinity matrices containing GST-EB1, GST-EB1 K220R , and GST-EB1 K220Q on agarose beads. All TIP fragments tested (APC, MACF, CLASP1, CLASP2, TIP150, and MCAK) bound readily to EB1 but less to nonacetylated GST-EB1 K220R (Fig. 2E ). There was no appreciable binding of proteins to acetylation-mimicking EB1 K220Q , indicating that K220 represents a structural determinant mediating EB1-SxIP interactions.
If acK220 abolishes the EB1-TIP interaction, elevation of intracellular acetylation would prevent the localization of TIPs to comet-like plus ends. To test this hypothesis, aliquots of metaphase-synchronized HeLa cells were treated with DMSO (control) or trichostatin A (TSA) plus nicotinamide (VB3) to promote intracellular acetylation. These cells were fixed and stained for EB1 or TIP150. Consistent with the previous report (9) , both EB1 and TIP150 exhibit typical comet-like structures in metaphase cells ( Fig. 2F and Fig. S1 ). However, the comet-like TIP150 signal, but not EB1, was diminished by TSA/VB3 treatment, validating that TIP150 localization is disrupted by EB1 acetylation ( Fig. S1 and Fig. 2F ). Thus, acK220 negatively regulates binding of EB1 to its cargo proteins.
K220 Forms a Stable Contact with the EBH Domain Hydrophobic Cavity.
Because the EB1 K220R mutant exhibits reduced binding toward SxIP motif-tracking proteins, we reasoned that the hydrophobic cavity in the EBH domain might be perturbed by K220R mutagenesis. An examination of the EB1-SxIP complex structure [Protein Data Bank (PDB) ID code 3GJO] suggests that K220 ɛ-amino group forms three pairs of hydrogen bonds with the backbone carbonyl oxygens of I245, L246, and A248 ( Fig. 3A and Fig. S2 ) and that acK220 would perturb those bonds and destabilize the hydrophobic cavity in the EBH domain. Molecular modeling of the EB1-SxIP complex suggests that I245, L246, and A248 are essential for formation of a stable EB1-TIP complex and that deletions perturbing the integrity of the I245, L246, and A248 cluster disrupt EB1-SxIP dimerization (Fig. 3B ). To validate this model, C-terminal deletion mutants were generated to yield GST-EB1 , GST-EB1 1-249 , GST-EB1 , and GST-EB1 proteins. GST-EB1 1-249 and GST-EB1 1-244 had the same dimerization properties as GST-EB1 , suggesting that lack of I245-A248 did not perturb the dimerization of EB1 191-268 and GST-K220 mutants (K220R and K220Q; 2 μg) were incubated with 50 ng of PCAF with (lane 1) or without Ac-CoA (lanes 2-4). K220 was acetylated in the presence of PCAF and Ac-CoA; for K220 mutants, no acetylation was detected. (H) K220 of EB1 is a cognate substrate of PCAF in vivo. HeLa cells were synchronized by mitotic shake-off followed by PCAF siRNA transfection. Treated HeLa cells were collected 22 h after transfection and probed for PCAF, acetylated K220 of EB1 (acK220), and EB1 protein. PCAF siRNA suppressed PCAF protein and acK220 levels but not the level of EB1 protein (lane 2).
( Fig. S3 A and B) . The mutants were used as affinity matrices to adsorb H6-APC and MACF SxIP motif domains. GST-EB1 bound to APC and MACF in a manner similar to that of fulllength EB1 (Fig. 3C, lanes 3 and 8 and Fig. S3C ). However, GST-EB1
1-244 and GST-EB1 1-233 did not bind efficiently to APC (lanes 4 and 5), and binding to MACF was reduced (lanes 9-10), confirming that the structure formed among I245, L246, and A248 with K220 was essential for stable binding between EB1 and TIPs containing the SxIP motif.
To test our hypothesis that physical contacts between K220 and I245/L246/A248 mediate an intramolecular interaction, FRET-based sensors were designed to probe the EB1 structural dynamics in response to acK220 (20) , in which interaction between mTurquoise and mVenus fluorescent proteins is governed by the physical contacts between K220 and I245, L246, and A248 (Fig. 3D) . In this regard, FRET occurs when K220 is in close proximity with I245, L246, and A248 to form an intact hydrophobic cleft (Fig. 3E) . However, the FRET signal disappears when the hydrophobic cavity is perturbed due to acK220. To test the effect of acK220 on intramolecular interaction, mutant sensors were generated to mimic acetylated EB1 (K220Q) or nonacetylatable EB1 (K220R).
We then expressed those EB1 sensors as bacterially recombinant proteins for characterization in vitro and confirmed their expression and stability (Fig. S4A) . As expected, spectrofluorimetric analyses confirm that the wild-type sensor exhibits anticipated FRET, whereas K220Q/R mutants perturb the FRET seen in the wild-type sensor (Fig. S4B) , suggesting that the sensor is a faithful readout of AcK220. We next determined the responses of the EB1 sensor to acetylation changes in whole cell lysates. To this end, aliquots of HEK293T cells were transfected to express the aforementioned EB1 sensors, and lysates were prepared 24 h after transfections (Fig. S4C) . As shown in Fig. 3F , the wild-type sensor produced an increase in the emission at 535 nm (green), but this was reduced upon addition of PCAF to the lysates (blue). Consistent with our hypothesis, K220R or K220Q produced little FRET, similar to that of the PCAF-treated sample, demonstrating the critical role of K220 in intramolecular interactions.
The validity of the sensor was shown by a trypsin-induced elimination of the emission at 535 nm (Fig. 3F, yellow) . Thus, these results demonstrate the role of K220 in the formation of physical contacts with I245, L246, and A248, by which a hydrophobic cavity is formed.
To test whether acK220 destabilizes the hydrophobic cavity with which the SxIP motif binds, we used a NMR chemical shift perturbation assay in which 15 N-labeled EB1 protein was mixed with or without a synthetic peptide containing the SxIP motif (21) . These assays indicated that K220 is essential for physical contact of the hydrophobic cavity with the SxIP motif ( Fig. 3G  and Fig. S5 ). Thus, we reason that hydrogen bonds between K220 and I245/L246/A248 control the hydrophobic cavity by which acetylation regulates K220-SxIP interaction.
EB1 Is Acetylated in Mitosis, and Persistent Acetylation Perturbs
Chromosome Alignment. In mitosis, PCAF acetylates the mitotic checkpoint protein, BubR1 (18). To determine the acK220 level in mitosis, aliquots of synchronized HeLa cells in G1/S and in mitosis were collected for quantitative Western blotting. As shown in Fig.  4A , the level of cyclin B exhibited a typical 10-fold increase during mitosis. In the same preparation, the level of acK220 was elevated by fivefold (Fig. 4A) . Quantitative analyses of four experiments indicated that acK220 levels were increased by 4.1 ± 1.3 fold in mitosis, without alteration of levels of EB1 protein ( Fig. 4B ; P < 0.001). To determine the localization of acK220 relative to microtubules and EB1, we performed immunofluorescence analyses. As shown in Fig. 4C , EB1 displays a typical comet-like distribution (Fig. 4C, Upper) . However, acK220 staining is weak, confirming a low level of acK220 in interphase cells (Fig. 4A) . Significantly, acK220 staining is readily apparent in metaphase cells, which exhibits a typical spindle plus-end distribution (Fig. 4C, c′) , and this staining is decreased in anaphase cells (Fig. S6) . Merged images showed that the localization of acK220 is superimposed with a subset of EB1 signals at the spindle plus ends, validating that EB1 K220 is acetylated in mitosis (Fig. 4C, d′) .
If the observed acK220 labeling is a function of PCAF, suppression of PCAF should eliminate the acK220 labeling. Indeed, , and GST proteins were used as affinity matrices to absorb GFP-tagged MCAK, TIP150, and the TIP150 fragment. Binding activity was examined by anti-GFP blotting. MCAK, TIP150, and the TIP150 fragment bound to EB1 but not to GST or EB1
K220Q
. (E) EB1 binding of purified TIP fragments in vitro. Recombinant TIP proteins containing C-terminal 6x histidine (H6) and an N-terminal GFP were incubated with GST-EB1 affinity matrices. The bound proteins were analyzed by anti-GFP blotting (Upper) and CBB staining (Lower). All TIP fragments tested bound to wild-type EB1 but less to EB1 K220R . Virtually no TIP fragments tested bound to EB1 K220Q protein.
(F) Acetylation minimizes TIP150 plus-end tracking activity. HeLa cells were synchronized at metaphase by MG132 followed by treatment of TSA/VB3 for 2 h. Cells were fixed with cold methanol and stained with EB1 and TIP150 antibody. Note that TIP150 comet-like staining was abolished by TSA/VB3. (Scale bars, 5 μm.) the spindle plus-end-associated acK220 signal was minimized in PCAF-suppressed cells (Fig. 4D, h′) . The dynamic acetylation in mitosis prompted us to determine the role of acK220 in chromosome dynamics. To assess acK220 function without the complication of endogenous EB1, we built an EB1 shRNA construct tagged with CENP-B-mCherry to visualize shRNA-transfected cells (Fig. S7 A and B) . In cells transfected with scrambled shRNA, EB1 exhibited a typical comet-like distribution (Fig.  S7C, Middle) . However, the comet-like structures were virtually not visible in EB1 shRNA-treated cells ( Fig. S7C ; arrowheads, Upper and Lower), indicating a high efficiency of knockdown. Quantification of EB1 levels in 25 transfected cells indicated that this procedure yields a knockdown efficiency of 95% (Fig. S7D) .
To establish the function of acK220 in chromosome segregation, real-time imaging of HeLa cells transfected with EB1 shRNA and shRNA-resistant GFP-EB1 constructs (shGFP-EB1 and shGFP-EB1 K220Q ) was performed. As appropriate, TSA and VB3 were added to promote EB1 acetylation. Cells expressing shGFP-EB1 began the onset of anaphase at 35 min after nuclear envelope breakdown (NEBD; Fig. 4E ). However, cells expressing shGFP-EB1 K220Q failed to achieve anaphase onset even at 330 min after NEBD, despite alignment attempts at 175 min (Fig. 4F) . This result suggests that K220 organizes EB1-based protein interactions essential for chromosome alignment in mitosis. Elevation of intracellular acetylation by TSA/VB3 delays the anaphase onset until 250 min after NEBD (Fig. 4G) , consistent with the concept that dynamic acK220 regulates EB1-based protein interactions. Our single-cell analyses demonstrate that shGFP-EB1 K220Q delayed anaphase onset ( Fig. S8 ; P < 0.01, n = 20), suggesting that dynamic acK220 regulates mitotic progression.
Persistent acK220 Activates the Mad2-Dependent Checkpoint. To determine whether the spindle assembly checkpoint (SAC) is activated by persistent acK220, Mad2 distribution in cells expressing FLAG-EB1 K220Q was assessed. Mad2, a spindle checkpoint protein, binds to unattached kinetochores and to those that are attached but not under tension (19) . Consistent with a notion of a continued activation of the mitotic checkpoint from misaligned chromosomes, high levels of kinetochore-associated Mad2 were apparent in cells expressing FLAG-EB1 K220Q (Fig. 5A , Lower, arrows) but not in FLAG-EB1-expressing cells. As the kinetochore position relative to the pole is a reporter for chromosome alignment and compaction (22, 23) , this distance in >100 kinetochore pairs, in which both kinetochores were in the same focal plane, in both shGFP-EB1-and shGFP-EB1 K220Q -expressing cells, was measured and expressed as the distance from the nearest pole along the pole-pole axis over the polepole distance. The analysis indicated that, in shGFP-EB1 K220Q -expressing cells, most chromosomes congressed but were not fully aligned (Fig. 5B) . The retention of Mad2 to the kinetochores of cells expressing shGFP-EB1 K220Q suggests that EB1 acetylation dynamics regulates kinetochore-microtubule interactions and the SAC.
To validate SAC activation in cells expressing shGFP-EB1 K220Q , HeLa cells were transiently transfected with Mad2 siRNA to suppress Mad2 together with expression of shGFP-EB1 and shGFP-EB1 K220Q . In shGFP-EB1-expressing cells, suppression of Mad2 shortened the interval from NEBD to anaphase onset to within 15 min (Fig. 5C ). As predicted, Mad2 knockdown released the checkpoint arrest in shGFP-EB1 K220Q -expressing cells (Fig. 5D) . However, Mad2-suppressed, shGFP-EB1 K220Q -expressing cells did not achieve a typical metaphase alignment, a characteristic of compromised SAC in mitosis (Fig.  5D) . Indeed, suppression of Mad2 released the mitotic arrest induced by persistent acetylation of EB1 (TSA/VB3 treatment; Fig. 5E ). Quantitative analyses show that Mad2 knockdown overrides the mitotic arrest induced by persistent acetylation, as there was no significant difference in the interval between NEBD and anaphase onset in the aforementioned groups ( Fig. 5F , P > 0.01), suggesting that K220 hyperacetylation activates SAC in mitotic cells.
Discussion
The kinetochore is a complex structure that functions as a molecular machine to power chromosome movement along microtubules and as a signaling device governing chromosome segregation and controlling the cell cycle. Our studies show that acetylation of EB1 orchestrates mitotic chromosome dynamics via K220-based interactions with an array of TIPs containing the SxIP motif. Consequently, hyperacetylation of EB1 results in aberrant metaphase alignments and SAC activation. Our results identify reversible acetylation of EB1 as a molecular mechanism coordinating kinetochore signaling and provide a unifying view of a regulatory mechanism underlying EB1-TIP interactions. A central characteristic of the kinetochore-spindle interface is its capacity to orchestrate stable and dynamic associations, whereas bound microtubules are polymerizing or depolymerizing. Such properties would be best coordinated by distinct but cooperative kinetochore-microtubule binding sites regulated by signaling cascades (23) (24) (25) (26) . In the mitotic spindle, EB1 interacts with its cargo proteins, APC, CLASP, MCAK, and TIP150, to achieve chromosome segregation. This array of cargo proteins implies the existence in mitosis of a complex but coordinated regulation to ensure chromosome segregation. We and others have shown that the mitotic kinases, PLK1 and Aurora B, form a feedback loop to control MCAK, a microtubule regulator (20, 26, 27) . As established here, acetyl regulation of the K220-SxIP interaction is another layer of fidelity control in mitotic chromosome plasticity. The mitotic dynamics of acK220 support the concept that a high level of acetylation promotes correction of aberrant attachments through inhibition of kinetochore plus-end growth (Fig. S9) . Upon error correction, reduced acetylation allows for stabilizing the interactions of EB1 with its cargo proteins at the kinetochore and switches the centromere to a mode for proper chromosome alignments at the equator so that anaphase begins. The reduction of acK220 at the onset of anaphase supports the notion that the interaction between EB1 and SxIP proteins needs to be reinstated to segregate sister chromatids into two opposite poles. In human breast and liver cancers, hyperacetylation promotes genomic instability via centrosome amplification (28) . This finding indicates the importance of temporal regulation of acetylation dynamics in ensuring the fidelity of chromosome segregation and maintaining chromosome stability in mitosis. It is also worth noting that histone deacetylase (HDAC) inhibitors such as vorinostat, which block cell proliferation, are used for treatment of several different forms of cancer. Given the facts that HDAC inhibition promotes EB1 acetylation and persistent acK220 causes mitotic arrest, it would be of interest to determine whether EB1 acetylation is in fact a target of HDAC inhibitors.
In budding yeast, the EB1 protein is regulated by Aurora Bmediated phosphorylation in the flexible linker connecting the CH and EBH domains (29) . This phosphorylation occurs during anaphase and is required for normal spindle elongation kinetics and efficient disassembly of the spindle midzone. It remains to be determined whether and how EB1 acetylation interplays with phosphorylation to orchestrate kinetochore-microtubule attachment and error correction, stabilization of accurate attachment, and mitotic progression. It is apparent that, after initial activation of the mitotic checkpoint as the nuclear envelope is disassembled, one or more kinetochore-associated, microtubule-binding components must be involved in linking microtubule attachment to SAC silencing. Mad2 depletion, which overrides the persistent SAC activation seen in cells depleted in EB1 or overexpressing EB1 K220Q supports the function of EB1 and its acetylation dynamics in SAC silencing.
In summary, our findings reveal the temporal dynamics of acetylation of EB1 in mitosis and demonstrate the function of PCAF in mitotic chromosome congression by regulating spindle plus-end dynamics. The discovery of PCAF-mediated acK220 in controlling the SxIP-EB1 interaction will allow molecular delineation of TIP dynamics and plasticity. These results provide a unifying view of a previously uncharacterized molecular mechanism that underlies an array of functionally and structurally diversified TIPs. K220Q . GFP-EB1 K220Q did not inhibit progression through S and G2. Although there was an attempt for alignment at 175 min after NEBD, no successful alignment was achieved within the time frame of imaging (330 min). (Scale bar, 10 μm.) (G) HeLa cells were treated as in E followed by TSA/VB3 for 1 h before imaging. Persistent acetylation did not inhibit mitotic entry but prevented the metaphase alignment process. Sister chromatids finally separated at 265 min after NEBD without achieving alignment. (Scale bar, 10 μm.) 
